Enhancement of the diffusive albedo from a random amplifying medium is discussed. A pump-probe setup is used to study the amplification of the reflected probe pulse light outside the backscattering cone. Strong super-reflection is measured and its dependence on the disorder strength is studied. An optimal disorder strength is observed at high excitation energy wherein the super-reflection is maximal. The origins of this behavior are traced to the interplay between the out-coupling and amplification from a disordered amplifying medium with an inhomogeneous distribution of gain.
I. INTRODUCTION
Light transport from a disordered medium is a rich subject replete with fascinating optical phenomena [1] . Depending upon the strength of disorder in the medium, light propagation changes character ranging from single scattering exhibiting quasiballistic propagation, multiple scattering showing light diffusion, and strong multiple scattering yielding interferenceinduced localization [2] . The presence of optical amplification adds an entirely new dimension to the study of light propagation, creating the fascinating arena of random lasers [3, 4] . This system exploits the enhanced dwelltime of light to provide coherent amplification of a propagating light pulse [5] [6] [7] [8] [9] [10] . The unique physics associated with random lasers continues to elicit interest in concurrent research [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] .
Among the various experimental and theoretical studies on random lasers, one that is noteworthy is the statistics of reflection [26] [27] [28] [29] [30] [31] . Reflected light from a plane-parallel interface is comprised only of a specular component. In contrast, the reflection from a complex particulate system encompasses several optical components realized by the multiple scattering of light over the numerous scattering centers [32] . In such a system, the reflection coefficient is essentially an emergent quantity that is defined by assuming the entire sample as a "single scatterer." The ratio of the reflected power to the incident power is called the albedo α. The presence of amplification enhances the reflected power leading to a phenomenon called super-reflection [33] . For a scattering medium, the albedo is comprised, of three components, namely, the specular, the coherent, and the diffusive [32] . The specular component essentially represents the speckle generated by the medium, which is a consequence of wave interference, that gets averaged out upon configurational averaging. The fluctuations in the amplified specular albedo were used to deduce information of path-length enhancement in the random laser [34] . The coherent albedo also originates from wave interference, but this component does not get averaged out and survives in the exact backscattered direction. Maximum attention in the existing literature has been focused on this aspect [35] [36] [37] , understandably because it involves the complex physics of preservation of interference effects in * mujumdar@tifr.res.in; www.tifr.res.in/∼mujumdar multiple scattering. It was observed in these works that superreflection of the coherent fraction manifests as the sharpening of the coherent backscattering (CBS) peak, while keeping the enhancement factor (the ratio of the coherent to incoherent amplitudes) constant. It is known that the strength of the coherent signal rapidly decreases with decreasing disorder. In the regime where light is mostly diffusive, the transport is mostly incoherent. This light comprises the diffusive or the incoherent albedo. Despite the fact that the maximum energy incoupled into a multiple scattering system is reflected in the incoherent channel, this quantity has not received much attention in the literature. In this paper, we discuss the experimental and numerical studies on the super-reflection of the incoherent light. In particular, we analyze the superreflection coefficient of the incoherent component as a function of disorder strength that varies over a large range, including disorder strengths that are weaker than diffusive. This allows us to observe the effects of inhomogeneous excitation in the system. In a passive disordered system, the diffusive albedo turns out to be almost angle independent [32] . The presence of gain, however, creates a significant difference in that the distribution of gain is not homogeneous across the sample and the incoherent albedo can be expected to be sensitive to it. In this study, we find that the coefficient of super-reflection decreases with decreasing disorder when the excitation intensity is small. This is consistent with the expected behavior of the reflection from a passive disordered system with finite thickness. However, at high excitations, we find that the super-reflected amplified intensity shows a nonmonotonic behavior with decreasing disorder; it first rises up to a certain disorder strength and then reduces. This behavior is explained using photon transport Monte Carlo simulations that calculate the excitation volume, the probe occupation volume, the exit probability of a trigger photon, and the amplification per trigger photon. The inhomogeneous nature of amplification in a random amplifying system is at the root of this behavior.
II. EXPERIMENTS
The experimental setup is schematized in Fig. 1 . The third harmonic of a Nd:YAG laser (λ ∼ 355 nm) is separated from the second harmonic (λ ∼ 532 nm) at the dichroic beam splitter M1. This is then used to pump an optical parametric oscillator (OPO) comprised of two BBO crystals C1 and C2 and the signal channel (ranging from 450 to 700 nm) is used as the probe pulse in the experiment. The separated second harmonic is used to pump the random laser sample, which is comprised of a suspension of ZnO nanoparticles (diameter ∼20 nm) in a 2.5-mM solution of Rhodamine 6G in methanol. Under uv pumping, ZnO particles also act as a gain medium. Here, they only act as passive scatterers as both the excitation and emission are at visible wavelengths, which ensures only Rhodamine participation. The detection axis is perpendicular to the cuvette holder, while the illumination angle was about 13
• from the normal to the surface. These angles were chosen so as to avoid the specular reflection from contaminating the data. The optical delay between the pump and the probe pulses can be adjusted using the optical delay line on the pump beam comprised of the mirrors M2 and M3. The coincidence in the arrival times of the pump and probe pulses is ensured at the mixing beam splitter BS, which allows for the copropagation of both the laser beams. The copropagating laser beams are focused using the lens L1 (focal length = 150 mm) on the face of the cuvette to a spot of ∼100 μm. The subsequent emission from the system is collected using the lens L2 (focal length = 75 mm) and coupled into the input slit of a monochromator (focal length = 50 cm) with an intensified charged-coupled device (CCD) attached to it. The emission spectra were captured from the random laser system over a range of pump energies E p and disorder strengths. The disorder strength of the samples is quantified in terms of the transport mean free path * , measured using the coherent backscattering technique in a separate set of experiments. The detection setup measures the light intensity within a channel as admitted by the lens L2. The absolute reflectance would need the measurement of the incident probe and the entire reflected intensity, ideally employing an integrating sphere. However, these measurements would preclude the studies of spectral behavior which are important in this report. Therefore, in this discussion, we deduce the amplification factor by comparing the reflected intensity of the probe with and without the excitation pulse, as has been done in earlier experiments [35, 37] . Figure 2 depicts the super-reflection spectra captured from a system with * ∼ 1000 μm in three excitation scenarios. The emission spectrum under the excitation of only the pump pulse with E p ∼ 580 μJ is shown as the black dotted trace. This strongly bandwidth-narrowed spectrum (FWHM ∼7.5 nm) indicates that the system is operating above the random lasing threshold. A weak pulse at λ s = 560 nm with energy E s ∼ 0.44 μJ was employed as the probe. The dashed blue trace signifies the incoherent scatter of the probe from the unpumped dye, resulting in a rather weak signal that is magnified by a factor of 50 for comparison. Upon the incidence of both the pulses with maximal temporal and spatial overlap, the spectrum features an intense peak at λ s (red trace). Importantly, this strong amplification of the weak probe pulse occurs at the cost of reduced gain experienced by photons at other wavelengths, evident from the reduction in the original random lasing spectrum. To estimate this super-reflection of the probe pulse, the intensity under the peak needs to be estimated. We use a baseline reconstruction algorithm to separate the pedestal, indicated by the dotted gray line, from the amplified probe intensity. The subtraction of this baseline from the spectrum yields the amplified intensity I amp . This was compared against the intensity under the peak measured in the absence of pump pulse I prb to construct the amplification factor S = I amp /I prb .
The inset in Fig. 2 depicts the dependence of S on E p , which exhibits a threshold behavior. A distinct rise in S is seen at E p ∼ 120 μJ, above which a near linear increase in amplification is seen with S reaching ∼800 at E p ∼ 580 μJ. Moreover, no reduction in the growth of S is apparent within the accessed range of E p , which suggests the possibility of attaining even larger S. The experiments at higher pump
energies were not carried out as the tightly focused laser pulse could potentially damage the cuvette.
The reflectance from a passive infinite disordered medium is independent of the disorder strength. Disorder dependence arises from the finite size of an experimental system. In our case, the overall sample thickness is of 1 cm. Importantly, in the random amplifier, the amplification volume is always finite and smaller than the sample length, as determined by the absorbance of the dye at the excitation wavelength and the disorder strength. All these factors induce a disorder dependence in the reflectance of the system. To study this dependence, emission was collected from systems with disorder strengths ranging from * ∼ 350 μm (strong disorder) to * ∼ 2300 μm (weak disorder). Note that the terms weak and strong disorder are only used relative to each other. Strictly speaking, strong disorder would refer to the condition where interference effects start defining the transport, leading to conditions of weak and strong localization. This work addresses only that domain where intensity transport suffices to describe the systemic behavior, in addition, the main focus of this paper, namely, the excitation dependence of the diffuse super-reflection, is amply observed in this range of disorder. Figure 3 depicts the behavior of I amp with varying disorder strength at two pump energies: E p ∼ 65 μJ (filled black squares) and E p ∼ 580 μJ (open red circles). The blue triangles depict the reflected probe intensity I prb in the absence of the pump pulse. A monotonic decrease with increasing * is evident as a result of the reduced backscattering strength of the medium. At weak pump energy, the amplification offered by the system to the probe pulse is very weak (scaled by 100 for comparison) and is seen to monotonically decrease with weakening disorder strength. This decrease can be related to the reduced feedback offered by the weakly scattering systems which does not strongly amplify the reflected probe. However, under strong excitation where the random laser is above threshold, a nonmonotonic behavior is evident. Upon weakening the disorder strength, I amp increases upto * = 1000 μm, above which it decreases gradually. Interestingly, the amplification factor S (shown in the inset) shows an unrestrained growth with increasing * under strong excitation, implying that I prb decreases faster than I amp at larger * . Physically, this indicates that the amplification strength or the gain coefficient of the weakly scattering systems is larger.
III. COMPUTATIONS
To explain the reversal of trend in the super-reflection offered by the random system, we performed photon transport Monte Carlo simulations. The details of the photon transport Monte Carlo simulations have been described earlier [38] . Here, we briefly discuss the various steps in the simulation. The simulation space, which is assumed to be comprised of a dye medium with a uniform distribution of point scatterers, is discretized into 2 μm × 2 μm × 2 μm cells. The pump pulse with energy E p is injected into the simulation space as a set of photon bunches from the front face with a Gaussian spatial profile. The transport of the photon bunch in the simulation space is modeled as a random walk. The path length between two scattering events in the random walk is chosen from an exponential distribution with the decay constant given by the photon mean free path * . During the rectilinear motion between two scattering events, the absorption by the dye molecules in the ground state reduces the weight of the photon bunch as it traverses the medium. The number of photons absorbed in a given discrete element (i,j,k) depends on the length of the path [L(i,j,k)], the weight of the photon bunch w pb and the number of ground-state molecules [N 0 (i,j,k)] in that discrete element and is expressed as
is the absorption cross section of the dye molecules at the pump wavelength λ p . The absorption of these photons results in excitation of the corresponding number of ground-state molecules in that particular discrete element. This random walk is performed until the photon bunch is either completely absorbed or it exits the system. The same procedure is repeated for all the photon bunches and the pump profile is registered over the simulation volume.
Upon completion of excitation, the emission stage comprised of fluorescence and diffusion-mediated amplification is performed. The simultaneous transport of the probe is also simulated. The spatial excitation profile along with the normalized fluorescence cross section of the dye is used to choose the position and wavelength of a spontaneous emission photon. This photon then triggers a random walk through the medium, similar to the pump photons, and can either amplify through stimulated emission or get reabsorbed in the medium. The addition of the probe pulse in the simulation results in additional trigger events at λ s apart from the spontaneous emission events. Akin to the spontaneous emission photons, the probe photons also incur amplification or get reabsorbed [39] , depending on the local inversion. The amount of excitation and the energy in the probe pulse E s decides the fraction of the trigger events that originate from the probe pulse. Importantly, if the trigger photon originates from the probe pulse, then the origin of the random walk is at the cuvette face, and the first travel is taken inwards perpendicular to the face, simulating the probe beam. The exiting trigger events that emit from the front of the cuvette face are collected and various parameters such as intensity, length, wavelength, and its origin (either spontaneous emission or probe pulse) is registered.
The simulations essentially traced the consequence of the inhomogeneity of gain in the random sample. The excitation process is sensitive to the disorder strength, and consequently, the gain distribution in the sample is also determined by the disorder strength and excitation energy [40] . In addition, the probe pulse also responds to the strength of disorder. Both these factors play an important part in determining the amplification per trigger event in the probed system. * = 2300 μm. The occupation probability was calculated by recording every passage event of the photon via a grid box. Figure 4(d) shows that the weak disorder admits the probe deeper into the sample, where its attenuation is primarily due to reabsorption, leading to a low reflectance. This reflectance can be quantified by the exit probability of the probe photons from the front face. The exit probability increases with disorder strength, while internally, the probe is also redistributed in the transverse directions. The amplification of the probe light will depend upon its dwell time within the inverted population. Figure 5 depicts the computed amplification per trigger photon for two excitation energies as a function of exit angle, for various disorder strengths. At low pump energies (top panel), the exiting photons are quite independent on the angle of exit, which is commensurate with the assumption of angle-independent albedo in a passive system. At increased excitation (lower panel of Fig. 5 ), a strong angle dependence is observed in the amplification per trigger photon. Those photons exiting in the near-backward angles experience a larger amplification. This enhancement originates from the spatial distribution of the gain, which becomes more anisotropic as the disorder reduces, a trend that is reproduced in the figure. The relevance of these results to super-reflection is elucidated in Fig. 6 . The plot depicts the exit probabilities and average amplification registered in the simulations at two pump energies: E p = 0.65 μJ (top panel) and E p = 5.8 μJ (bottom panel). The black symbols depict the exit probability which decreases monotonically with weakening disorder strength, i.e., increasing * , which is also what passive systems show. The weak excitation here does not alter the scenario. Under strong excitation, the amplification experienced by the photons increases with weakening disorder strength, as explained in Fig. 4 . This offsets the decreased exit probability, thus hitting an optimal disorder strength where the super-reflection is maximal. Thus, these computations qualitatively explain the modified trends in the super-reflection of the incoherent light. These results underline the interesting differences created by amplification added to passive disordered systems, which supplements the complexity of the behavior. 
IV. DISCUSSIONS
Of late, random lasing systems are being discussed towards various applications [41] [42] [43] . Our above-mentioned analyses point out the usefulness of such a system in realizing a broadband tunable amplifier. Figure 7 depicts this feature from a system with * = 1000 μm when excited at two different pump energies, namely, E p ∼ 120 μJ (top panel) and E p ∼ 580 μJ (bottom panel). The markers (blue triangles in top panel and black circles in bottom panel) depict the measured amplification factor S when λ s is swept from 550 to 585 nm with E s ∼ 0.25 μJ. The inset in the figure depicts the emission spectra captured when the system was seeded with different λ s . Even with this reduced E s , S > 150 is observed close to the gain maximum under strong excitation. S is seen to closely follow the gain narrowed emission profile measured at strong E p (depicted as the shaded curve), while, at weak energies S remains narrower than the averaged spectra. Pure dye amplifiers have been employed earlier [44] to amplify weak pulses. In comparison, this random system will behave as a reflective amplifier offering amplification due to the feedback by the disorder. In addition, the feedback sustained by the seed light will enhance the amplification within a much smaller gain volume, as compared to the pure dye system. In summary, we have studied the behavior of the incoherent albedo from a complex system with amplification. The resulting super-reflection shows a unique disorder dependence at high excitation energies, wherein an optimal disorder strength exists that provides maximal super-reflection. This behavior was traced to the inhomogeneous gain distribution and the occupation of seed light in the random system. These results indicate the applicability of such systems as broadband, tunable random amplifiers.
